Abstract-In recent years, synthetic aperture radar interferometry has become a recognized geodetic tool for observing ground motion. For monitoring areas with low density of coherent targets, artificial corner reflectors (CRs) are usually introduced. The required size of a reflector depends on radar wavelength and resolution and on the required deformation accuracy. CRs have been traditionally used to provide a high signal-to-clutter ratio (SCR). However, large dimensions can make the reflector bulky, difficult to install and maintain. Furthermore, if a large number of reflectors are needed for long infrastructure, such as vegetation-covered dikes, the total price of the reflectors can become unaffordable. On the other hand, small reflectors have the advantage of easy installation and low cost. In this paper, we design and study the use of small reflectors with low SCR for ground motion monitoring. In addition, we propose a new closedform expression to estimate the interferometric phase precision of resolution cells containing a (strong or weak) point target and a clutter. Through experiments, we demonstrate that the small reflectors can also deliver displacement estimates with an accuracy of a few millimeters. To achieve this, we apply a filtering method for reducing clutter noise.
I. INTRODUCTION
T HE limitation of synthetic aperture radar interferometry (InSAR) to monitor ground displacement in nonurban areas is usually solved by introducing coherent targets. Although originally designed for calibration purposes, artificial corner reflectors (CRs) are traditionally used as coherent targets in InSAR applications due to their large radar cross section (RCS) and wide RCS pattern [1] - [4] . With CRs, measurements with accuracy in the order of 1 mm have been demonstrated [5] . Traditionally, CRs have been designed to provide a very strong, dominant reflection compared with the background signal, which assures a high signal-to-clutter ratio (SCR) signal [6] . Small reflectors do not provide such high SCR values, but they are appealing for other reasons. First, their costs are lower. In the cases where a large number of reflectors are neededfor monitoring long infrastructures, such as oil pipe lines or grass-covered dikes, very low-cost reflectors are preferable. Second, their small dimensions make installation easier, particularly for infrastructure with reduced space. Third, small reflectors have a low visual impact on the landscape. In this paper, we study small reflectors and derive an expression for phase precision covering high and low SCR targets. Furthermore, we provide a design of a small bidirectional reflector tile (RT) and show how reduced size reflectors can deliver accurate observations when correctly filtered. Preliminary results of this paper have been presented in [7] . This paper is arranged as follows. In Section II, we briefly discuss and derive a new theoretical expression for phase variance as a function of its SCR, and we present a formula to calculate the RCS of RTs used in this paper. In Section III, we provide a design of small bidirectional reflectors that can be used for both ascending and descending passes. We also show a filtering approach that can deliver an increase in the signal-to-noise ratio (SNR) directly proportional to the square root of the number of CRs used in the filter. In Section IV, we describe the result of testing these small, bidirectional reflectors in a real situation. The formation scheme for measuring deformation is shown, and measurement results are demonstrated using TerraSAR-X data acquired over a test site in the Netherlands.
II. SIGNAL-TO-CLUTTER RATIO AND THE PHASE STATISTICS A. Phase Precision of Radar Targets
An SCR is a common metric for describing the quality of a radar observation [8, pp. 403-423] . When using the SCR for quality description, it is generally assumed that a target inside a resolution cell is the only object providing coherent information, whereas all other reflecting objects-the clutterchange randomly, which causes speckle [9] . In this paper, the term clutter noise is used to refer to the magnitude of the speckle (in power units). An SCR is defined as SCR = P P P C (1) where P P is the power reflected by the reflector (point target) and P C is the power reflected by the clutter. The phase value of 0196-2892 © 2017 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Fig. 1 . Standard deviation of interferometric phases (single differences) determined using (2) (blue dashed line), our approximation (9) (red dashed line) and simulations (black solid line). The approximation given by (9) provides a good match with the simulations for SCR > 1 dB. The SCR of the RTs used in this paper is also indicated. We simulated an SCR for values down to 0 dB. Smaller values are possible, but considered of no interest, because the clutter power will dominate the cell.
the reflector, which is required in interferometric applications, is disturbed by the clutter to an extent depending on the magnitude of SC R. For high SCR objects, the influence of clutter variations is small, because P P dominates over P C . For traditional radar applications, such as target detection, a threshold of 13-dB SCR is commonly used [8] . For InSAR applications, such as subsidence monitoring, an SCR has been used as an indicator for the standard deviation of the interferometric phase, which is directly linked to the accuracy of the measurement, e.g., ground displacements [10] . For high SCR values, the interferometric phase standard deviation is given by [11] , [12] 
σ φ can be converted to the standard deviation of deformation σ d by
where λ is the radar wavelength. In this paper, we are mostly interested in reflectors that have low SCR values, but greater than 1. To test the validity of (2) for low SCR reflectors, we simulated a target plus random clutter as a coherent summation of point scatterers and compared the result with (2). Fig. 1 shows the result of this simulation. We find that (2) represents very well the standard deviation of the interferometric phase for the values of SCR above 10 dB. Below this value, (2) underestimates the experimentally derived standard deviation. Larger differences between (2) and simulations are found as the SCR decreases with a maximum of about 0.28 rd at an SCR of 0 dB. For this purpose, a new closed-form expression covering the phase precision of low and high SCR Fig. 2 . Impact of clutter c (dotted curve) in a resolution cell with a dominant point scatterer (with amplitude A P and phase P ) drawn in real (Re) and imaginary (Im) planes. (A) High SCR case, the stronger the point target A P , the weaker the impact of clutter c on the phase y = − P . (B) Impact of the clutter in a resolution for a lower SCR case. The choice of point target phase is arbitrary and here, kept at P = 0 for convenience.
targets is derived in this paper. Although, in radar applications, an SCR threshold of 13 dB is usually applied for the target detection [8] , we find from simulations that interferometric phases for resolution cells with an SCR below this threshold are not strongly disturbed by clutter, and information contained in their reflections can still be extracted, despite the fact that such targets are hardly visible in a radar image. However, we have to consider that (2) represents only clutter noise. Thermal receiver noise and other noise types, e.g., atmospheric, system, and processing noise, are not considered. The actual interferometric phase standard deviation in a real measurement will therefore be higher than the value shown in Fig. 1 . For a single-look complex (SLC) SAR image, the complex return y (with amplitude |y| and phase y ) from a resolution cell containing a dominant scatterer and a fully developed clutter can be written by
where c is a complex number (with amplitude |c| and a uniform distributed phase) representing a fully developed clutter (noise), and |.| is the magnitude operator. For homogeneous Fig. 3 . PDF p ( ) of the SLC phase (in radians). The color lines represent the pdf (6) for different SCR values (in dB), and the crosses are their respective approximations given by (7) . When SCR = 0, i.e., −∞ dB (resolution cell with only clutter), the pdf becomes an uniform distribution (blue line). The phase pdf given by (7) provides a reasonable approximation for a range of SCR > 1 dB.
areas, i.e., the case of a fully developed speckle, the clutter exhibits a circular Gaussian distribution [13] - [18] . A P and P are the amplitude and phase of a point scatterer, respectively. The impact of one realization of clutter is shown in Fig. 2 . Fig. 2(A) shows the impact for a high SCR case, and the phase of the resolution cell is less dependent on the clutter for high SCR values. For a low SCR resolution cell, the impact of clutter on phase is inevitable as shown in Fig. 2(B) . From  Fig. 2 , the phase contribution of (a realization of) clutter in a resolution cell can be written geometrically as
In general, the clutter contribution c is treated as a stochastic process. Therefore, the probability density function (pdf) of the SLC phase of a resolution cell in Fig. 2 can be written as [19, pp. 396-437 ]
where erf(.) is the Gauss error function defined by erf(
Here, the choice of dominant scatterer phase P is arbitrary and hence set to zero as shown in Fig. 2(B) . Therefore, substitute β = √ SCR · cos( ) in (6) . The pdf of single-look phase for several values of SCR is plotted as colored lines in Fig. 3 , and the colored crosses represent their Gaussian equivalents. It can be noted that the mean of the pdf is centered at P = 0. When the signal contribution from the dominant scatterer vanishes (SCR = −∞ dB), the resolution cell has only the clutter part, and the phase pdf approaches a uniform distribution (see blue line in Fig. 3 ). The pdf in (6) can be numerically approximated by
. (7) Equation (7) is a zero mean ( P = 0) Gaussian phase pdf with variance given by
The approximated pdf of (7) is plotted against the full pdf (6) in Fig. 3 . From Fig. 3 , we see that pdf approximation given by (7) (colored crosses) matches very well with the true pdf of (6) for the values of SCR > 1 dB. But, for the case of SCR ≤ 1 dB, the pdf approximation cannot fully describe the pdf (6). However, the proposed approximation is more than sufficient for the small RTs proposed in this paper, as their SCR is in the order of 5-6 dB. Now, for the reflectors with SCR > 1 dB, the standard deviation of the interferometric phase φ of a resolution cell for the single-look case can be written from (8)
The proposed expression for σ φ is plotted in red dashed line in Fig. 1 . Comparing the red line [proposed expression, (9)] and blue line [theory, (2) ] with the black line (simulated) in Fig. 1 , one realizes that (9) provides an improved estimation of the interferometric phase precision for both low and high SCR targets when compared with the high-SCR approximation given by (2) . In this paper, we used (9) to obtain the phase precision of the low-SCR targets, such as RT. The estimation of a reflector SCR prior to its installation is a basic requirement in order to optimize design and resources. We estimate an SCR of a (point target) RT, S reflector , from the ratio of RCS of the reflector to the expected RCS of the background clutter at the RCS location SCR reflector = RCS reflector RCS clutter (10) where is used to indicate the estimator operator, and RCS reflector is deterministic.
In Sections II-B and II-C, we describe how to determine RCS for both the RTs and the clutter.
B. Radar Cross Section of Reflector Tiles
For simple objects, the RCS can be calculated from their geometry. In this paper, we use a triangular trihedral reflector, whose aperture forms an isosceles triangle, as shown in Fig. 4 . Note that the sides b and a are different being b > a. This is a design choice we made to optimize the angular reflection pattern (the maximum reflection is required in the direction of the satellite) and the available space while maximizing the RCS (see Section III-A). The effective aperture of a triangular trihedral reflector, A effec , is determined from the portions of the surface that participate in the triple bounce mechanisms [20] . A effec is shown in Fig. 4 as a gray irregular hexagon. The relationship between RCS and A effec is given by
The effective aperture can be calculated as follows:
where a and h are as indicated in Fig. 4 . Note that h and b are related through Pythagoras's theorem, but we use h for convenience. The reflector RCS now becomes
It is worth noting that in the case where the sides are equal h = a √ 3/2, and the RCS is given by
which is the well-known RCS of a triangular trihedral reflector [20] .
C. Radar Cross Section of the Background
The clutter RCS depends on the resolution of the radar and on the radar backscatter coefficient of the area
where A is the ground area equal to the resolution cell, and σ 0 is the radar backscatter coefficient. Models of σ 0 for different terrain types are reported in [21] , which includes rocky terrain and short vegetation, among others. We have also access to the Dutch ROVE data set [22] , which comprises many measurements of agricultural crops, grasses, and bare soils at the X-band and the Ka-band. We estimate the clutter RCS using the scattering model that was proposed in [21] for the case of terrain with short vegetation. The modeled σ 0 is given in dBm 2 per m 2 for different incidence angles, which can be easily adapted to the resolution and incidence angle provided by TerraSAR-X.
III. SMALL REFLECTORS FOR GROUND MOTION MONITORING
In this section, we provide the design of a small reflector that is optimized for ground motion monitoring. In Section III-A, the small bidirectional reflector is described. The expected SCR for these reflectors is analyzed in Section III-B.
Next, we investigate the challenges that are posed by the use of small reflectors due to their low SCR. In particular, we face two challenges for the case applying InSAR to ground motion monitoring. First, a small reflector is difficult to detect from a single image, especially if its SCR is less than 13 dB [8] . Second, the system noise plus clutter noise may dominate the radar returns, and so the signal of interest, such as the ground motion, may not be observed. To overcome those two limitations, we provide a method that consists of a deployment strategy and a filter (see Sections III-C and III-D).
A. Bidirectional Reflector Tiles Design
The reflector that we have designed for infrastructure monitoring is a bidirectional RT, as shown in Fig. 5 . The tile includes two small trihedral CRs. One reflector is oriented to the ascending pass direction, and the other to the descending. Since they are connected to a unique tile structure, the reflectors are subject to the same ground displacement signal. Therefore, the RT can be easily applied for the estimation of a 2-D vector displacement. Note also that the reflectors aperture has a horizontal orientation to ease installation. The reflectors orientation plays obviously a major role, since we want the maximum RCS direction to coincide with the incidence angle θ i of the satellite radar. Fig. 6 shows a crosscut of the reflector, where the angles and dimensions are defined. Through the selection of the rib sizes c and d, we have some freedom in selecting the maximum RCS direction while maintaining the horizontal aperture orientation. The ratio d/c determines the depression angle δ of the long rib c. The maximum RCS direction of the reflector with respect to rib c is θ . For a symmetrical CR (c = d), θ = 54°. The value of θ increases with the ratio d/c as shown in Fig. 7 .
The depression angle δ also increases with d/c. We may write the following relation: Fig. 7 shows the variation of θ i , the direction of maximum RCS of the reflector, on the d/c ratio. By tuning the d/c ratio and the depression angle, the incidence angle required for a given sensor can be achieved. It is worth noting that the majority of radars operate with incidence angles between 20°and 50°. We constrained further the design with the second requirement on the thickness. We kept the thickness of the reflector (measured from apex to aperture) limited to ∼10 cm, and so it would fit in a top layer of a road for instance, which is usually in the order of 10-20 cm. The bidirectional CR tile used in our experiment has dimensions c = 28.2 cm and d = 14.5 cm, resulting in a ratio d/c = 0.51. Hence, θ i = 25.3°. The wide elevation beamwidth of the CR provides sufficient flexibility to cover practical satellite radar incidence angle ranges. Fig. 8 shows the actual elevation diagrams for the bidirectional reflector. The beamwidth for each section is 45°. Note that for satellite incidence angles over 20°, only one section will produce a reflection. This ensures a single reflection from the bidirectional tile, leading to a stable and well-defined phase center. For angles smaller than 20°, both reflectors would contribute, leading to erroneous phase signals. In the design process, the minimum angle can be chosen as required. We have chosen the same d/c ratio for the two corners in the bidirectional reflector, but it would be possible to use different ratios for both corners, in order to optimize the incidence angles for ascending and descending tracks of the satellite radar.
The maximum RCS of each reflector is 6.4 dBm 2 , which is calculated using (13) . The total dimensions of the tile are around 35 cm × 20 cm, with a height of 12 cm (excluding support base), similar to a pavement tile. The RT was designed to monitor grass-covered dikes, which are very common in the Netherlands and other low-land countries. A hole is drilled at the bottom of each reflector to drain rain water. Though we did not test this, installing a radome is possible, and it is expected to introduce a loss between 1 and 1.5 dB [8] .
B. Expected SCR
As previously explained, we estimate the reflector SCR prior to its installation using a model of the backscattering coefficient σ 0 and of the background where the reflector will be placed. Our test will be executed with TerraSAR-X images, with resolution 3×3 m, and the incidence angle varies between 24°and 39°. The σ 0 of terrain with short grass observed with an X-band radar at an incidence angle of 20°-40°is around −8 dBm 2 /m 2 according to the Dutch ROVE data set [21] , [22] . Now, the background RCS can be found from (15) . The result is 1.5 dBm 2 . Therefore, we expect a reflector SCR in the order of 4-5 dB. The value will not be the same for ascending and descending tracks, because the incidence angles are different and hence σ 0 will change slightly. Furthermore, the RCS of the CR at the satellite incidence angle of 39°is slightly reduced, as can be seen in Fig. 8 .
Based on the estimated value of the SCR, we derive the first indication on the expected standard deviation using (9) . An SCR of 5 dB is equivalent to a phase standard deviation of 0.6 rd, which provides about 1.5-mm line-of-sight (LOS) deformation precision (1σ confidence) for TerraSAR-X.
C. Reflector Tiles Deployment
We deploy the reflectors in a predefined and therefore recognizable pattern in order to precisely localize low SCR reflectors. The chosen pattern helps to both identify the reflectors within the SAR image and to yield an efficient method for spatial filtering. A matched filter can be used for fast and accurate localization of the reflectors within an SAR image. Fig. 9(C) shows deployment patterns that are used in the experiment. Fig. 9(A) and (B) shows time-averaged amplitude images for (A) descending (30 images averaged) and (B) ascending passes (20 images averaged). Small reflectors forming a quincunx-shaped pattern are marked with red arrows. Because of their low SCR, the reflectors are almost undistinguishable from the clutter. The predefined deployment pattern therefore helps in their detection. Other reflectors of larger size are deployed in an arrow-shaped pattern. They appear as a very bright points in the descending pass [see Fig. 9(A) ]. The reflectors forming an arrow-shaped pattern are not used in this paper.
D. Filtering
We filter the data by taking the coherent mean of the complex signal of the five selected pixels. This is similar to the coherent integration that is performed in classical radar technology [8] to improve the SNR. For truly coherent signals in the presence of random noise, the SCR improvement is equal to the number of coherently summed samples. In the InSAR case, the coherent filter improves the SCR when all reflectors are subject to the same deformation signal. Furthermore, since the distance between them is short, the atmospheric delay experienced by the radar returns is negligible between the reflectors. With the complex mean, the signal that is common to all reflectors (i.e., ground deformation) adds up. However, the clutter noise reduces due to its random nature. Therefore, the increase in the SCR is equal to the number of reflectors included in the filter, which is the same as the number of integrated radar returns. In Section IV, we prove experimentally that, despite the low power returned by individual reflectors, coherent averaging greatly reduces phase noise.
IV. EXPERIMENTAL RESULTS
To test the bidirectional reflectors, we deployed them forming a quincunx pattern, as shown in Fig. 9 . The test site was located in the Netherlands, a TNO premise near to Delft with visibility from both ascending (incidence angle ∼39°) and descending (incidence angle ∼24°) passes. The reflectors were installed in a geophysically stable area in a grass field, thus resembling the setup for our final goal, which was monitoring dikes which have similar vegetated surfaces.
A. Setup
In order to place many small CRs in a predefined formation, the spatial distances between reflectors have to be carefully chosen. Distances should not be too short to avoid interference between reflectors. We found that the distance between the reflectors should be at least two resolution cells to avoid mutual reflector interference. In addition to that, the maximum distance between the reflectors should be smaller than the decorrelation distance expected for both the deformation and the atmospheric signal, otherwise the spatial filter is not effective. Finally, the orientation of the pattern is chosen such that the interference due to sidelobes (from the CRs in the formation) is minimal. Estimated SCR for tile reflectors (RT1-RT5) observed in the descending and ascending passes [red arrows in Fig. 9(A) and (B) ]. The RTs were installed on December 5, 2012, indicated with a dashed line. The two horizontal black lines represent the average (linear, not dB averaged) power before and after installation of the RTs. The reference reflectors (of sides 1 m in descending and 45 cm in ascending) are traditional trihedral CRs (white arrows in Fig. 9 ). CR A and CR B were installed in August 2012 (for descending) and December 2012 (for ascending), respectively.
B. SCR Estimation
There exist different methods to estimate the SCR [22] , and our approach is as follows. First, the clutter power is determined by taking the mean radar power of a small, and homogeneous area (with grass) before the reflector is installed. After the reflector is placed, we determine its response, which is the sum of the reflector and the clutter, and estimate the ratio of the two powers. Although clutter power will change over time, this method provides a reasonable approximation of the SCR, and the backscatter of the area is rather stable during wintertime when we performed this experiment. The power ratio determined by this way is Fig. 11 . Displacements estimated from interferometric phases for (A) descending and (B) ascending. Values represent motion with respect to the reference reflector. Mean value is shown with black triangles. Only observations after the installation of reflectors are included. The measured patterns in (A) and (B) differ due to their view angle and acquisition time differences. The ascending and descending passes were acquired with an incidence angle of ∼39°and ∼24°, respectively.
The SCR was introduced in (1) as S = P R /P C , and can be easily calculated from the measured quantities. Clearly, the SCR will be smaller than the ratio in (17) .
After the tiles were installed, the received power at the corresponding pixel positions increased ∼6 dB (see Fig. 10 ). As explained earlier, the SCR can now be estimated as 6 dB. This value is in agreement with the estimation in Section III-A.
From the radar detection theory, it is known that the reliable detection of a target requires an SCR of at least 13 dB [8] ; hence, the tiles are ∼7 dB below detection threshold. In principle, this makes the RTs suitable for covert operations. To increase the RCS of the tiles to obtain an SCR of 13 dB, their size would have to be increased. Applying the same ratio, the sizes c and d in Fig. 6 would increase by a factor 1.6, from 14.5 cm ×28.2 cm to 23.2 cm ×45.1 cm, which is reasonably larger.
C. LOS Deformation Results
After the interferograms are formed with respect to a common master image and the contribution of the reference surface (the WGS84 ellipsoid) is removed [24] , we calculate the interferometric phase differences of all RTs with respect to a reference reflector. A reference reflector with an SCR of around 37 dB (1-m sides) and 27 dB (45-cm sides) is used in descending and ascending, respectively, to avoid the addition of extra noise when taking double differences. The resulting phase differences are converted to radar LOS displacements. Fig. 11 shows the displacements for descending (A) and ascending (B) passes after the installation of the five RTs on the December 5, 2012. The phases of individual reflectors appear relatively stable, with the exception of the period around mid-January, when the reflectors were covered with snow. Note that despite the low SCR of individual reflectors (∼6 dB on average), the phase signal appears to be reasonably coherent. We reduce the phase noise by coherent averaging the five pixels in space as explained in Section III-D.
The mean values of the interferometric phases of the reflectors are shown in Fig. 11 as black triangles for every measurement day. From Fig. 11 , it is clearly visible that the variability of the signal of the mean is considerably less than those of individual reflectors.
Next, we estimate the improvement obtained from the filter. It is worth noting that the filter only works optimally if the phases are aligned in the sense that all reflectors included in the filter observed the same signal. In other words, the filter is optimal when the signal of interest (e.g., ground deformation) is spatially correlated and noise is not. For the noise variance estimation, we approximate the displacements with a linear plus seasonal model. After the removal of the estimated model, we determine a noise standard deviation of 3 mm for individual reflectors, the sensor wavelength being 31 mm. After the complex mean operation, we estimate a 1.5-mm standard deviation. The observations around the snow fall period (January 2013) are not used in the estimation of the standard deviation. The reduction in the standard deviation by a factor of 2 is in agreement with the expected theoretical improvement of √ N , where N is the number of reflectors, equal to five in our case. We recall that the SCR improvement is a factor N, leading to a reduction in σ φ of √ N [see (9) ]. The estimated noise variances determined for this data set are probably overestimated, since they include unmodeled deformation, and other signals that are not true noise. In any case, this experimental setup measures the improvement obtained with the complex mean compared with their individual reflectors.
D. Decomposition of LOS Deformation
The bidirectional tiles enable the decomposition of the LOS deformation into horizontal and vertical displacement values. The TerraSAR-X observations were taken from two directions, ascending and descending passes at ∼39°and ∼24°, respectively. To find the vertical and horizontal displacements, we need to solve the following equations [24] : with d desc and d asc the displacement observed by the satellite in the descending mode and the ascending mode. θ desc and α desc are incidence and heading angles in the descending mode while θ asc and α asc are incidence and heading angles in the ascending mode. V and H are the vertical and horizontal (East) components, respectively. The heading angles of the satellite are 350°(α asc = 10°) for the ascending mode and 192°(α desc = 12°) for the descending mode. Since the radar looks perpendicular to the satellite track, the horizontal displacement in the east-west direction is the easiest to measure, whereas the one in the north-south direction may experience low accuracy. The vertical accuracy is dependent on the incidence angles. Fig. 12 shows the situation in a diagram. In this case study, the observed displacements are expected to be mostly in the vertical direction. However, discrepancies between the signals observed at ascending and descending passes may occur due to a difference in the incidence angle between passes (∼39°and ∼24°, respectively) and different reference reflectors for ascending and descending passes. Different sampling times can also produce large variations between these two time series. For example, the snow fall in the beginning of January 2013 was closer in time to the ascending acquisition than to the descending one, as can be seen by comparing Fig. 11(A) and (B) .
The estimated vertical and horizontal displacements are shown in Fig. 13 . The plotted lines include both estimates, the ones obtained from individual reflectors (colored lines with circles) and also the estimate obtained after applying the complex mean filter (black line with triangles). The variances and covariance of vertical (V ) and horizontal (H ) components of the complex means are [from (18) ] σ 2 V = 1.3 2 mm 2 , σ 2 H = 2.1 2 mm 2 , and σ 2 V H = 0.6 2 mm 2 , respectively. These values are smaller by a factor of N when compared with the individual tiles.
We observe a weak horizontal component. We attribute this to the noise floor, besides that we do not expect any motion of the RTs in the horizontal plane (based on the local conditions). In the vertical plane, we see a subsidence of the reflectors of several miilimeters in the first two months after installation. This could be a settling effect. The tiles were simply placed on a 10-cm layer of sand, which was compressed manually. 
E. Discussion
The RTs that we propose in this paper were designed for monitoring grass-covered dikes and specifically developed for X-band satellites. We selected X-band satellites, because they provide high-resolution data and have small wavelengths enabling the use of small reflectors, which are cheap. Furthermore, there are a large number of X-band satellites, TerraSAR-X, CosmoSky-Med, and KOMPSAT5, that can help to reduce the observation time and improve the monitoring strategy. The deployment of reflectors should aim at optimizing the sampling of the ground deformation, but also taking into account that the distance between reflectors should be less than the decorrelation distance of atmospheric disturbances, i.e., around 800 m [25] . For reliable deformation interpretations, a good foundation for RT may be required. In those cases, care should be taken to avoid any settlement experienced due to the foundation. When monitoring infrastructures as natural dikes (e.g., peat dikes), we suggest positioning the reflectors near the dikes crown, since the upper part of the dike experiences the largest fluctuations. The final precision of the LOS estimation will depend on the number of reflectors included in the filter. For example, if the deformation signal does not change over an area where N reflectors are included in the spatial averaging filter, the expected precision is around 3/ √ N mm. Although developed for dike monitoring (e.g., grass-and vegetation-covered dikes), these bidirectional tiles are also well suited for other types of infrastructure, such as roads, large bridges, and dams, whose orientation is not optimal for the radar satellites.
V. CONCLUSION
We have shown that small CRs can be used for interferometric applications. However, due to their low SCR, they appear hidden in the clutter. By deploying the reflectors in predefined patterns, we were able to localize them in radar images, whereas the individual reflectors were invisible in a single image. They start to appear somewhat visible after applying a temporal filter on radar images power. Despite their low SCR, we have proved that small reflectors contain coherent information and that they are valuable for interferometric applications. A combination of small reflectors can be used to reduce SCR-induced errors in the interferometric phase or deformation signal. In addition, we have derived a new expression to estimate interferometric phase precision for resolution cells having a point target and clutter. From our experiments, we conclude that the complex mean of the interferometric signals improves the phase accuracy by a factor √ N , being N the number of reflectors in the ensemble. We estimated for each RT ∼3 mm standard deviation of the interferometric phase noise, compared with ∼1.5 mm for the complex mean of five RTs. Noise includes all signals that are not included in the deformation model. We were able to decompose the LOS deformation signals of ascending and descending passes in horizontal and vertical displacements of the RTs with a standard deviation of about 2.1 and 1.3 mm, respectively. The structure of the RTs enabled this application in a favorable way.
